Colloidal chemistry offers an assortment of synthetic tools for tuning the shape of semiconductor nanocrystals. While many nanocrystal architectures can be obtained directly via colloidal growth, other nanoparticle morphologies require alternative processing strategies. Here, we show that chemical etching of colloidal nanoparticles can facilitate the realization of nanocrystal shapes that are topologically inaccessible by hot-injection techniques alone. The present methodology is demonstrated by synthesizing a two-component CdSe/CdS nanoparticle dimer, constructed in a way that both CdSe and CdS semiconductor domains are exposed to the external environment. This structural morphology is highly desirable for catalytic applications as it enables both reductive and oxidative reactions to occur simultaneously on dissimilar nanoparticle surfaces. Hydrogen production tests confirmed the improved catalytic activity of CdSe/CdS dimers, which was enhanced 3−4 times upon etching treatment. We expect that the demonstrated application of etching to shaping of colloidal heteronanocrystals can become a common methodology in the synthesis of charge-separating nanocrystals, leading to advanced nanoparticles architectures for applications in areas of photocatalysis, photovoltaics, and light detection.
C olloidal semiconductor nanocrystals (NCs) are emerging as promising building blocks for next-generation optoelectronic materials deployable in many device technologies including, solar cells, 1 lasers, 2 biomedical labels, 3 photoanodes, 4 and light-emitting diodes. 5 Our ability to incorporate application-specific combinations of properties within these nanostructures often depends on the existence of synthetic protocols for conjoining two or more dissimilar domains into a single heteronanocrystal. Many of these composite architectures can be obtained by means of standard colloidal techniques, in which one semiconductor component is used as a nanoparticle seed for nucleating the growth of the secondary domain. 6−8 This approach can lead to a variety of heteronanocrystal morphologies ranging from spherical core/ shell, 9 to one-dimensional dot-in-a-rod, 10 tetrapod, 11 or barbell 12 structures.
Some shapes of heteronanocrystals, however, cannot be obtained by means of colloidal hot-injection techniques alone. An important class of composite nanocrystals that requires going beyond conventional colloidal growth is represented by a two-component structure, assembled in such a way that both semiconductor surfaces are exposed to the external environment. This type of the nanoparticle morphology is of considerable interest for catalytic applications, as it allows for different surfaces of the same heteronanocrystal to exhibit different chemical reactivity. In particular, a pair of semi-conductors can be chosen to promote a greater electron density on one side of the composite nanoparticle while forcing the other domain to become hole-rich. Consequently, both semiconductor components in these nanoparticles can share the absorbed energy with external environment directly through the ligand-mediated charge transfer or via a metal catalyst ( Figure 1a ). Unfortunately, such domain topology cannot be easily achieved using a traditional seeded-growth approach, wherein one of the semiconductor components is fully surrounded by the secondary material, diminishing an overall catalytic activity of the nanoparticle. One previously considered solution that permits colloidal hot-injection route to yield two-component heteronanocrystals with exposed surfaces relies on coupling two semiconductors with strongly mismatched lattices. 13−15 This results in the formation of a structure where the semiconductor deposited in the second step forms island-like features on the surface of the "seed" component. This strategy, however, is hampered by the fact that in most relevant semiconductor heterostructures (e.g., CdSe/CdS, CdSe/CdTe, ZnSe/CdS) the interdomain lattice stress in insufficient to result in the fragmentation of the shell component, causing only one type of material to be present on the surface of the heteronanocrystal.
Etching of colloidally grown nanocrystals provides a versatile tool for shaping the structure of incorporated domains. This method has been explored previously for tuning the morphology of metal nanoparticles, such as Au nanorods 16−19 and Ag-tipped Au barbells 20 toward enhancing their catalytic activity. On the other hand, application of etching techniques to semiconductor nanocrystals has received less attention and so far has been limited to several examples of tuning the size of binary nanocrystals. For instance, etching-mediated blueshifting of the fluorescence emission has been reported for several semiconductor nanostructures, including CdS, 21, 22 PbS, 23 CdSe, 24−26 CdTe, 27, 28 and InP 29 NCs. In these reports, the etching mechanism relied on chemical or photooxidative dissolution of surface atoms. Anisotropic etching was also reported for semiconductor nanorods and tetrapods where chemical and photochemical techniques were combined together to provide facet selectivity. 30 Despite an apparent potential of the etching-based methods in nanoparticle synthesis, to date there have been no studies on etching of composite semiconductor NCs. In the meantime, the greatest capacity of the etching approach is anticipated from the application of this technique to multidomain nanocrystals, where it can result in novel topologies that are unattainable by conventional colloidal methods.
Here, we demonstrate that chemical etching of semiconductor nanocrystals represents a powerful tool for synthesizing novel structural morphologies, which give rise to enhanced catalytic activity of nanoparticle colloids. The method is exemplified by performing isotropic etching of colloidal nanostructures consisting of two spatially asymmetric material domains. This results in the formation of dimerlike structures where both donor and acceptor components are in direct contact with external environment. The open-surface arrangement of two materials leads to a substantial enhancement in the rate of oxidative and reductive processes occurring on heteronanocrystal surfaces. In particular, we show that chemical etching of CdSe/CdS dot-in-a-rod structures promotes a partial dissolution of the CdS shell from the surface of CdSe dots, which allows for a CdSe domain to come into a direct contact with the surrounding medium ( Figure 1b ). Such nanoparticle geometry facilitates the transfer of photoinduced holes away from the CdSe domain thus completing the proton reduction cycle initiated on the electron-rich CdS side. An improved catalytic performance of etched heteronanocrystals was confirmed in multiple tests through the observation of a 3−4 fold increase in the rate of hydrogen production by Pt-tipped CdSe/CdS dimers. The increased H 2 yield was attributed to an enhanced rate of hole regeneration in etched heteronanocrystals, which prevents backward recombination of dissociated excitons. This hypothesis was subsequently verified by timeresolved fluorescence (FL) measurements indicating that etching of a 0.7 nm CdS layer from CdSe/CdS nanorods decreased the CdSe-to-ligand hole transfer time from 3.7 to 1.3 ns. On a more global note, we expect that the preferred type of heteronanocrystal architecture for utilization in homogeneous catalysis will, ultimately, be the one that contains clearly segregated donor and acceptor components. In this sense, etching seems to be the most natural and potentially the easiest way for obtaining such nanoparticle geometries. We expect that any heteronanocrystal with even a slight nonsymmetric placing of the two domains can be etched to yield clearly segregated electron and hole domains.
While the present study is focused primarily on the catalytic performance of etched nanoparticles, the application of etching techniques to enhancing specific properties of colloidal heteronanocrystals is expected to find widespread utilization in many other nanocrystal technologies, including solar energy production and light detection. Indeed, both of these applications require spatial separation of photoinduced charges by the nanocrystal, which is best achieved when both donor and acceptor domains are exposed to the external environment. As this study demonstrates, an open-surface domain configuration leads to an improved transfer of photoinduced charges from nanocrystals to external moieties such as a solvent, a conjugated bridge, or an electrode.
CdSe/CdS dot-in-a-rod heteronanocrystals 10 were chosen as a suitable model system for studying the dynamics of etching in two-domain structures. First, the nonspherical arrangement of CdSe and CdS components within the nanoparticle allows exposing both semiconductor domains simply by removing an outer layer of the CdS material ( Figure 1b ). This can be achieved in a straightforward manner, by using isotropic etching techniques that rely on chemical dissolution of surface atoms. Second, when the size of the CdSe dot is sufficiently small, the hole becomes pinned by the potential barrier at the CdSe/CdS interface, which promotes photoinduced charge separation, 31 and third, catalyst-decorated dot-in-a-rod heteronanocrystals comprising such material combinations as CdSe/CdS, 32 ZnSe/ CdS, 33 or all-CdS 7,34−36 are known to efficiently generate H 2 under visible illumination with quantum yields as high as 15%. 37 It is expected that a competitive catalytic performance of these nanostructures along with the high extinction coefficient in the visible and the ease of catalyst/product separation will make CdSe/CdS/Pt heterostructures promising catalytic materials for solar driven redox reactions.
The synthesis of CdSe/CdS heteronanocrystals for etching experiments was performed according to the previously reported methodology, 10 as described in the Supporting Information section. In brief, small-diameter CdSe NCs (λ band-edge < 540 nm), prepared using hot-injection routes were used as nanoparticle seeds for nucleating the growth of CdS domains. The length and the width of CdSe/CdS dot-in-arod structures were controlled by tuning the amount and the diameter of CdSe nanocrystal seeds, respectively. To ensure a quasi-type II localization of carriers across CdSe/CdS nanorods corresponding to a partial confinement of a photoinduced hole within the CdSe dot portion, the size of CdSe NC seeds was kept below 3.0 nm (except in structural characterization tests where large diameter CdSe were intentionally used for imaging purposes). 31 A characteristic image of CdSe/CdS nanorods grown under aforementioned synthetic conditions is shown in Supporting Information Figure SF1 .
Controlled etching of heteronanocrystals was achieved by introducing a mild solution of benzoyl peroxide (BPO) into solvent-dispersed NCs. 38, 39 Prior to BPO treatment, the original ligands on the surface of CdSe/CdS nanoparticles were exchanged to a shorter benzylamine. This step allowed improving the reproducibility of the etching procedure, as benzylamine molecules partly replace facet-selective n-hexylphosphonic acid (HPA) and tri-n-octylphosphine (TOP) ligands that may potentially promote different etching rates. The effect of BPO treatment on optical spectra of CdSe/CdS heteronanocrystals is illustrated in Figure 2a Figure SF8 .
The application of the etching treatment was optimized to yield dimerlike structures, whereby the shape of the original CdSe domain was mostly preserved while the dissolution of the CdS semiconductor on its surface was maximized. To this end, the addition of BPO was typically discontinued when the exciton absorbance edge of the CdSe component blue shifted by no greater than 10 nm. At this point, the band edge absorption of the CdS domain was reduced by about 50−70% indicating that a significant portion of CdS material was removed. TEM images of CdSe/CdS nanocrystals before and after etching confirm the reduction of the CdS phase ( Figure  2b) . Figure 3a shows a representative TEM image of a single, BPO-treated CdSe/CdS nanorod comprising a large diameter CdSe seed (d = 4.1 nm, see Supporting Information Figure  SF3 ). By employing large CdSe NCs, it was possible to "tag" the location of the seed in grown nanorod structures (see also Figure 3b and Figure 5 ). The investigated specimen shows a considerable variation of the CdS diameter along the main axis. Close examination of several similar structures has indicated that this trend was present in the majority of etched NCs. The corrugated morphology of BPO-treated nanorods suggests the anisotropic character of the etching process, which is likely to be the most efficient along impurities and defects of the lattice. Unevenness of etching rates at different sites is also manifested by the highly irregular shape of excessively etched nanorods (Supporting Information Figure SF4 ), which tend to fragment into smaller segments when the average diameter falls below 2.0−2.2 nm. By using mean dilatation averaging of the lattice fringes in Figure 3a , we identify the position and the approximate size of the CdSe domain in the CdSe/CdS nanorod. The latter was determined to be 3.95 nm, approximately 0.15 nm smaller that the average diameter of the original CdSe seed prior to the growth of CdS extension (see Supporting Information Figure SF3 ). On the basis of the similarity of the CdS nanorod mean diameter (∼4.0 nm) and the size of the incorporated CdSe domain (judging only by the lattice parameter mapping), we conclude that that the layer of CdS material covering the surface of the CdSe dot is likely to be less than one monolayer (0.35 nm).
One of the most basic tests for assessing the effectiveness of the performed etching procedure is obtained through the measurements of changes in the fluorescence (FL) lifetime of CdSe excitations. It is expected that when photoinduced charges are no longer passivated by the potential barrier of the CdS shell, the rate of exciton dissociation due to nonradiative charge transfer to the nanocrystal surface will increase. In this study, we use hole-scavenging mercaptoundecanoic acid (MUA) molecules as ligands on the surface of etched CdSe/ CdS dimers in order to facilitate the removal of photoinduced holes. As previous works have shown, the transfer of holes to MUA is very efficient for bare CdSe NCs and results in nearcomplete quenching of the band gap emission (τ FL < 0.5 ns). 40 However, in the presence of the CdS shell, the hole transfer rate is reduced due to the potential barrier of the CdS layer, which leads to the enhancement of the emission lifetime and a partial recovery of the NC fluorescence. Consequently, the emission lifetime of MUA-capped NCs is proportional to the thickness of the CdS layers on CdSe 41 and can be used to monitor the extent of CdS etching. CdSe is approximately equal to the FL lifetime of these nanoparticles, when τ FL is much smaller than the exciton radiative time, τ R , τ transfer = τ FL /(1 − (τ FL /τ R )) ≈ τ FL . 42 Therefore, the reduction in the FL lifetime of etched nanocrystals indicates a 3.7/1.3 ≈ 2.85-fold drop in the hole transfer time and an equivalent increase in the rate of oxidative reactions on the surface of the nanoparticle, which may be represented by such processes as ligand or solvent decomposition. Figure 4b confirms a positive correlation of the FL lifetime with the amount of BPO etchant in solution. Expectedly, an enhanced concentration of BPO causes a greater portion of the protective CdS shell to be dissolved, promoting faster tunneling of photoinduced holes from CdSe domains to MUA ligands.
The effect of etching on the rate of charge trapping is investigated in Figure 4c . It is expected that etching-induced defects forming on nanocrystal surfaces will contribute to shortening of the exciton lifetime. If this process constitutes a significant contribution, the reduction in the FL lifetime of etched CdSe/CdS NCs should not be attributed entirely to thinning of the CdS potential barrier between CdSe and MPA, but must partly be ascribed to the enhanced charge trapping on the surface of etched NCs. To investigate this issue we have fabricated spherical core/shell CdSe/CdS NCs and studied the exciton decay dynamics in specimens with partly etched shells. To suppress hole extraction by surface ligands, nonscavenging benzylamine molecules were used on nanoparticle surfaces. According to Figure 4c , continuous removal of the CdS layer in 6.2-nm CdSe/CdS NCs comprising 4.0 nm core (see Supporting Information Figure SF5) , results in the gradual drop of the emission lifetime. When most of the shell is etched with less than a monolayer of CdS left on the surface (judging by the intensity of the CdS absorbance feature at λ = 450 nm), the FL lifetime drops to 4.6 ns, indicating a potential formation of surface/interfacial defects. Despite charge trapping on defects, the FL lifetime of 80%-etched, benzylamine-passivated NCs is still 3 times greater than the lifetime of nanocrystals capped with hole-scavenging MUA molecules. Similar trend was observed for benzylamine-passivated CdSe/CdS nanorods, which showed a defect-limited, 5.1 ns FL lifetime upon etching (Figure 4a , black curve). This is 4 times greater than the FL lifetime of the same nanorods strucutres capped with MUA ligands (red curve). On the basis of this difference, we conclude that while etching-induced defects do contribute into exciton decay, this contribution is too small to compete with hole extraction by MUA molecules.
The FL lifetime measurements can also be used to estimate the fraction of the CdS material that was removed during the BPO treatment. The charge transfer rate, Γ tunneling , is roughly exponential with the shell thickness, ΔH CdS : Γ tunneling ≈ 1/ τ transfer ∼ exp(−ΔH CdS ), 43 such that 1/τ FL ∼ exp(−ΔH CdS ). If we assume that etching is spatially isotropic, then the relative reduction in the thickness of the CdS layer covering the surface of CdSe for the sample in Figure 4a can be expressed as: exp(−τ FL, after )/exp(−τ FL, before ) = exp(−1.3)/exp(−3.7) ≈ 11 times. The actual fraction is likely to be lower since the contribution of fast filling trap states into the FL decay is expected to increase upon etching of the CdS surface.
A more rigorous test of the etching effectiveness is provided by the measurements of the CdSe/CdS catalytic activity. To this end, CdSe/CdS nanorods were appended with a Pt catalyst and used for sacrificial generation of hydrogen, as described in ref 33 . The dissociation of excitons in the resulting CdSe/CdS/ Pt heterostructures is facilitated by the fact that the Pt tip forms primarily on the side of nanorods, which is opposite to the location of the CdSe seed. Such anisotropic growth of Pt was first demonstrated by Mokari et al. 44 and was attributed to the fact that the wurtzite crystalline structure of CdS leads to uneven rates of Pt nucleation on Cd-and S-rich nanorod facets. The statistical analysis of CdSe/CdS/Pt heteronanocrystals fabricated in this work ( Figure 5 ) confirms that more than 80% of nanorods had Pt tips opposite to the location of CdSe seeds. Here, large-diameter CdSe NCs (Supporting Information Figure SF3 ) were used to "highlight" the location of the seed in the nanorod structure (as illustrated in Figure 5c ). In the remaining 20% of structures, a small Pt tip was found near the hole-rich (CdSe) side of the rod in addition to a large-size tip on the opposite end.
It was shown previously that the rate of H 2 generation by Pttipped CdSe/CdS nanorods is strongly dependent on the rate of hole removal from the positively charged CdSe domain, which affects the probability of backward charge recombination. 33 Under this assumption, etched CdSe/CdS heteronanocrystals should yield a greater H 2 production rate since they tend to expel holes at a faster rate. To test this hypothesis, we have fabricated two sets of CdSe/CdS/Pt nanoparticle samples comprising etched and nonetched CdSe/CdS semiconductor nanorods. The etching treatment was applied after the deposition of the Pt tip to ensure that both the size of the CdSe dot and the length of the rod domain remained the same for both samples. TEM images in Figures 6b,c confirm that the size of the Pt catalyst did not decrease significantly due to BPO exposure (d(Pt) = 2.62 nm, prior to etching; d(Pt) = 2.53 nm, after etching). On the basis of the observed reduction in the diameter of CdSe/CdS nanorods from 3.2 nm down to 2.16 nm we estimate that approximately 0.52 nm or 1.5 monolayers of the CdS phase were removed. It should be noted that excessive etching of CdSe/CdS/Pt structures could eventually lead to the decomposition of Pt domains (see Supporting Information Figure SF4 ), resulting in suppressed H 2 production. To ensure that the concentrations of etched and nonetched nanorods during H 2 production tests are similar, the optical densities of both nanorod samples at the CdSe absorbance feature (λ = 530 nm) were set equal. Since the volume of the CdSe domain does not change significantly during etching (less than 10% as estimated from the exciton peak area), we can expect similar amounts of Pt-tipped structures to be present in both etched and nonetched specimens. Furthermore, since the size of Pt tips was essentially unchanged during etching (less than 4% of difference by size, or 11% by volume), the total amount of Pt in etched and nonetched structures is not expected to differ by more than (0.10 2 + 0.11 2 ) 1/2 ≈ 15%. Figure 6 compares H 2 production rates, measured on a previously described setup 45 for CdSe/CdS/Pt heteronanocrystals before and after BPO treatment (with concentrations normalized by the CdSe absorbance feature). In both cases, photoinduced holes were regenerated by MUA molecules in H 2 O (0.1 M) to eliminate any role of the ligand dissociation on the photocatalytic activity of these materials. For each sample, the optical density and the pH were adjusted to constant values before catalysis. The light source was a 300 W xenon lamp equipped with both a water filter and a 400 nm long pass filter, providing reproducible visible light excitation of each sample. According to Supporting Information Figure SF6 , the amount of generated hydrogen scaled linearly with the incident power, indicating that the photon flux was well below the saturation regime. This comes as no surprise since only one photon per 0.5 microsecond is expected to be absorbed by a given nanorod, which is much slower than the hole removal time associated with its transfer to an MUA ligand. Consequently, the observed correlation between enhanced H 2 generation and the rate of hole scavenging from the structure is not related to the excitation of secondary electron−hole pairs. Yet, it is wellknown that when holes are not removed from the structure efficiently, no hydrogen is produced (for instance, as demonstrated by a recent study in ref 33) . The phenomenon was previously ascribed to the possibility of backward recombination between holes and Pt electrons. A recent study 46 has further investigated this issue for the case of Au/ CdS heteronanocrystals, concluding that photoinduced holes can be quickly trapped on defect states of the semiconductor/ metal interface, which can increase the rate of their backward recombination. Such interfacial trapping is believed to be the primary rate-limiting step in the performed H 2 generation experiments on CdSe/CdS/Pt nanorods, which contribution is reduced in etched heterostructures.
Overall, etched CdSe/CdS/Pt nanostructures produced 3−4 times more hydrogen in aqueous media than the original nanorods. This trend was confirmed by several independent tests utilizing different batches of CdSe/CdS/Pt, wherein a typical enhancement of 2.8−3.7 was observed. Consequently, the hydrogen production experiments provide additional evidence suggesting that the exposure of both hole-rich and electron-rich semiconductor domains in complex heteronanocrystals improves their catalytic performance.
The stability of etched samples was comparable to that of original CdSe/CdS/Pt nanorods. On average, a drop in the catalytic hydrogen production rate was observed 48−60 h after the start of the reaction for both etched and nonetched samples. In the long run, benzylamine-passivated nanocrystals were found to be less stable then the ones capped with longchain ligands showing aggregation after several months in ambient conditions. Batch-to-batch differences in the structure of nanorods (the size of Pt nanoparticle, the quality of Pt/CdS interface, etc.) seemed to have played a greater role in the ultimate stability and efficiency of the catalytic process rather than the degree of nanorods etching. Here, to understand the effect of Pt size on the ensuing hydrogen production rate, two types of CdSe/CdS/Pt structures comprising large (d = 3.1 nm) and small (d = 1.3 nm) Pt tips on identical semiconductor domains were tested. According to Supporting Information Figure SF7 , the rate of hydrogen production by optically matched nanorod solutions showed an ∼50% enhancement due to the decrease of Pt tip size.
In conclusion, we demonstrate that chemical etching provides a viable tool for enhancing the catalytic performance of semiconductor heteronanocrystals. This technique complements the traditional approach to nanocrystal synthesis by offering a possibility of fabricating heteronanocrystal morphologies that cannot be easily obtained using colloidal methods. In the present study, a facile etching procedure was employed to fabricate a CdSe/CdS heteronanocrystal dimer where both CdSe and CdS components come into a direct contact with external media. This was achieved by removing an outer layer CdS in dot-in-a-rod CdSe/CdS nanocrystals. Photogenerated hydrogen production tests indicate that catalytic activity of etched materials was enhanced by over 3 times compared to the original CdSe/CdS nanorods. The observed improvement was attributed to the unobstructed transfer of photoinduced holes from the CdSe component to the surface, which rate was increased 3-fold upon etching. We expect that demonstrated application of etching to shaping of colloidal heteronanocrystals can find widespread applications in nanocrystal technologies that require photoinduced charge separation.
